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ABSTRACT
We present the first individual and stacking systematic search for γ-ray emission in the GeV band in the directions of 45 superluminous
supernovae (SLSNe) with the Fermi Large Area Telescope (LAT). No excess of γ-rays from the SLSN positions was found. We report
γ-ray luminosity upper limits and discuss the implication of these results on the origin of SLSNe and, in particular, the scenario of
central compact object-aided SNe. From the stacking search, we derived an upper limit at 95% confidence level (CL) to the γ-ray
luminosity (above 600 MeV) Lγ < 9.1 × 1041 erg s−1 for an assumed E−2 photon spectrum for our full SLSN sample. We conclude
that the rate of the neutron stars born with millisecond rotation periods P . 2 ms and B ∼ 1012−13 G must be lower than the rate of the
observed SLSNe. The luminosity limits obtained on individual sources are also constraining: in particular, SN2013fc, CSS140222,
SN2010kd, and PTF12dam can only be born with millisecond periods if B . 1013 G.
Key words. Gamma rays: observations – supernovae:superluminous – methods: individual and joint-likelihood analyses
1. Introduction
Superluminous supernovae (SLSNe) constitute a rare class of
bright transients with luminosities ten to hundreds of times those
of usual core-collapse or thermonuclear supernovae (Quimby
2012). With the advent of systematic transient surveys such
as the Palomar Transient Factory (Rau et al. 2009), Pan-
STARRS1 (Kaiser et al. 2010), Catalina Real-Time Transient
Survey (Drake et al. 2009a), or La Silla QUEST (Baltay et al.
2013), optical observations of a large number of these events
have been collected, spanning redshifts from z ∼ 0.1 to 4 (Cooke
et al. 2012). However, the origin of these explosions is not yet
understood. Mainly three scenarios have been proposed to ex-
plain these exceptionally luminous light curves, which could be
i) powered by the interaction of the supernova (SN) ejecta with
the circumstellar medium (e.g. Ofek et al. 2007; Quimby et al.
2011c; Chevalier & Irwin 2011), ii) pair-instability driven (Gal-
Yam et al. 2009; Gal-Yam & Leonard 2009), or iii) neutron-star
driven (Kasen & Bildsten 2010; Dessart et al. 2012; Kotera et al.
2013; Metzger et al. 2014; Murase et al. 2015; Suzuki & Maeda
2017). Given the variety of observed spectra, it is plausible that
different processes are at play in different objects (e.g. Gal-Yam
2012a; Nicholl et al. 2014). Interestingly, scenarios i) and iii)
predict bright associated γ-ray emission in the GeV to TeV range
(Murase et al. 2011, 2014; Katz et al. 2012; Kotera et al. 2013;
Murase et al. 2015). The search for such γ-ray emission with
the Fermi Large Area Telescope (LAT) data is the scope of this
paper.
? Corresponding authors: n.renault.tinacci@gmail.com;
kotera@iap.fr
In the most conventional model (scenario i) SLSNe are pow-
ered by the interaction between the SN ejecta and a massive,
optically thick circumstellar medium (Smith & McCray 2007;
Smith et al. 2008; Miller et al. 2009; Benetti et al. 2014).
SN2003ma and SN2006gy for example seem to be explained
well by this phenomenology (Smith & McCray 2007; Ofek et al.
2007; Smith et al. 2010). Several authors (Murase et al. 2011;
Katz et al. 2012; Murase et al. 2014) have demonstrated that a
collisionless shock could then be formed and would host efficient
cosmic-ray acceleration leading to non-thermal emission from
radio-submillimeter to γ-rays. In the GeV range, this emission
can escape from the system without severe attenuation, for spe-
cific shock velocities (about 4500–5000 km s−1) (Murase et al.
2015), and at late times after the shock breakout. Ackermann
et al. (2015) searched for this specific radiation with the LAT at
the location of core-collapse SNe (Types IIn and Ib), with stan-
dard luminosity, spanning typical time windows of a few months
to a year starting from the optical luminosity peak. No detection
was reported and model-independent flux upper limits were de-
rived.
A fast-rotating central neutron star releasing its rotational en-
ergy into the SN ejecta could also drive SLSNe (model iii; e.g.
Kasen & Bildsten 2010). The rotation period has to be close
to milliseconds to transfer significant energy to the ejecta. The
strength of the initial dipole magnetic field of the star sets the
timescale over which the energy is injected (a stronger field leads
to faster decline). Magnetars (B ∼ 1015 G) have thus been pro-
posed as central engines for SLSNe (Kasen & Bildsten 2010;
Dessart et al. 2012). Pulsars with millisecond periods at birth
and milder dipole magnetic fields B ∼ 1013 G would also lead
to bright peaks as well as a high-luminosity plateau lasting
for several months to years (Kotera et al. 2013; Murase et al.
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2015). These authors further calculated that the young neutron-
star wind nebula would present a bright X-ray and γ-ray peak,
respectively, through synchrotron radiation and inverse Compton
(IC) scattering, appearing a few months to years after the explo-
sion. As in model i), the γ-ray flux would be attenuated above
TeV energies owing to two-photon attenuation processes, but is
expected to be particularly high around ∼ 10 GeV (Murase et al.
2015).
We present in this work the first systematic individual and
stacking search for γ-ray emission in the GeV band, with the
LAT, in the directions of 45 SLSNe. We first present the SLSNe
sample, dataset, and methods used to measure the γ-ray flux
from the directions of selected SLSNe through individual and
stacking analyses. We report the γ-ray luminosity upper limits
obtained from measurements and discuss the implication of
these results on the origin of SLSNe and, in particular, the
scenario of a central compact object-aided SN.
2. Superluminous supernovae sample
Superluminous supernovae reach typical optical luminosities of
∼ 1042 − 1045 erg s−1 (Quimby et al. 2011c). The γ-ray peak
luminosity could be of the same order around the peak energy
 ∼ 10 GeV (Murase et al. 2015), implying that these objects
could be observed with the LAT at a given energy  up to dis-
tances Dmax, = [Lγ,/(4piFLAT,)]1/2, where Lγ, is the source
γ-ray luminosity and FLAT, the sensitivity of the LAT1 for Pass8
(Atwood et al. 2013), which are both calculated at energy . In
particular,
Dmax,10 GeV ∼ 2.0 × 103 Mpc
(
Lγ,10 GeV
1045 erg s−1
)1/2
. (1)
The above luminosity distance corresponds to a redshift z ∼
0.36. We selected 45 SLSNe listed in Tab. A.1 among which
25 are located below this limit. Figure 1 presents the maximum
observable distances with the LAT as a function of the source
luminosity for different energies .
In principle, as discussed in section 6, scenarios i) and iii)
predict γ-ray luminosities that are at least a factor 1/20 to 1/15
lower than the bolometric radiated luminosity. It thus seems
more reasonable to look for sources with maximum luminosi-
ties of order Lγ ∼ 1044 erg s−1 within redshifts z . 0.2. For
completeness, we still include the more distant sources in our
systematic search. We consider a full sample and two subpopu-
lations bounded by the redshift values 0.0, 0.2, and 1.6.
3. Fermi-LAT observations
The LAT, the main instrument on the Fermi spacecraft, is a pair-
conversion telescope that is sensitive to γ-rays from 20 MeV to >
300 GeV with on-axis effective area > 1 GeV of ∼ 8000 cm2.The
LAT is made of a high-resolution silicon tracker, a hodoscopic
CsI electromagnetic calorimeter and an anti-coincidence detec-
tor for charged particle background identification. The full de-
scription of the instrument and its performance can be found in
Atwood et al. (2009). The LAT field of view (∼ 2.4 sr) covers
1 Examples of LAT Pass 8 sensitivities for 10 years:
FLAT,3 GeV = 1.0 × 10−6 MeV s−1 cm−2, FLAT,10 GeV = 1.25 ×
10−6 MeV s−1 cm−2, FLAT,100 GeV = 5.0 × 10−6 MeV s−1 cm−2
obtained from http://www.slac.stanford.edu/exp/glast/
groups/canda/lat_Performance.htm.
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Fig. 1: Maximum distance Dmax and corresponding redshift z at
which the LAT can observe a SLSN as a function of the γ-ray
luminosity Lγ, , for three energies:  = 3, 10, and 100 GeV. The
subsample boundaries are overplotted in black.
the entire sky every 3 hr (two orbits) in the survey mode used for
this work. The single-event point spread function (PSF) strongly
depends on both the energy and conversion point in the tracker,
but less on the incidence angle. For 1 GeV normal incidence
conversions in the upper section of the tracker the PSF 68% con-
tainment radius is 0.6◦. Timing is provided to the LAT by the
satellite GPS clock and photons are timestamped to an accuracy
better than 300 ns. The photons detected by the LAT are cate-
gorized in classes according to the energy, direction reconstruc-
tion quality, and residual background rates. The categories have
different respective strengths depending on the type of analysis
(transient, point source, and diffuse emission).
We used for our analysis the Pass 8 LAT data (Atwood et al.
2013), which was collected starting 2008 August 4 and extend-
ing until 2015 September 10. This dataset encompasses seven
years and one week of observations. There are six main classes
within the Pass 8 event reconstruction strategy with the classes
nested2. We selected photons from the “Source” class, which is
the third event set in terms of residual charged-particle back-
ground and is mainly dedicated to the study of point sources.
We kept photons within a radius of 16◦ from the source posi-
tion and excluded the periods when the source was viewed at
zenith angles > 100◦ to minimize contamination by photons
generated by cosmic-ray interactions in the atmosphere of the
Earth. Only photons within the energy range of 600 MeV to 600
GeV were selected. We performed the analyses in seven energy
bands between 0.612 GeV and 600 GeV and in the full energy
range. Table 1 reports the energy bands used. The energy bound-
aries are determined by the energy binning of the LAT Collab-
oration diffuse model3 (Acero et al. 2016a). We chose to use
the same binning in our analysis. However to increase photon
statistics in particular at the highest energies, we merged the dif-
fuse model energy bands to obtain the larger energy ranges used
in our study. Theoretical models (Murase et al. 2015) predict a
rather flat spectrum that is consistent with a spectral index of
∼ −2 and owing to the poor angular resolution at low energy
2 Description of the Pass 8 classes at: https://fermi.gsfc.nasa.
gov/ssc/data/analysis/documentation/Cicerone/Cicerone_
Data/LAT_DP.html#PhotonClassification
3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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(50 − 600 MeV), we do not expect photons at those energies to
contribute significantly to our sensitivity.
Table 1: Energy band boundaries.
Emin Emax
[GeV] [GeV]
0.612 1.566
1.566 4.005
4.005 10.245
10.245 26.207
26.207 67.041
67.041 171.500
171.500 600.000
0.612 600.000
4. Analysis
4.1. Analysis by maximum likelihood estimator (MLE)
4.1.1. Individual analysis
The analysis method is similar to that described in Renault-
Tinacci et al. (a&b, 2 papers in prep.; 2015). We describe the
main steps below. The spectral analysis was carried out in the
energy bands listed in Tab 1. We test both wide and narrower
energy bands to observe the impact of the increase of photon
statistics and of a better sampling of the source spectrum. We
modelled the γ-ray emission in an 18◦ × 18◦ square region cen-
tred on the position of each source. The model consists of a linear
combination of a point source at the SN position and of template
maps for the diffuse interstellar emission and the isotropic flux
resulting from the extragalactic γ-ray background and residu-
als due to cosmic rays misclassified as γ-rays. The interstellar
component and isotropic spectra are available at the Fermi Sci-
ence Support Centre4. The model also includes all point sources
and extended sources listed in the 3FGL catalogue (Acero et al.
2015).
The γ-ray intensity in each (l, b) direction in Galactic coor-
dinates, I(l, b, E) in cm−2 s−1 sr−1 MeV−1, is modelled at each
energy E as
I(l, b, E) = S SN(E) δ(l − lSN, b − bSN) + qISM(E) IISM(l, b, E)+
qiso(E) Iiso(E) +
∑
j qS j (E) S j(E) δ(l − l j, b − b j)+
qS ext(E) S ext(l, b, E)
,
(2)
where S SN(E) gives the source spectrum in cm−2 s−1 MeV−1
and the IISM(l, b, E) and Iiso(E) terms denote the interstellar and
isotropic intensities in cm−2 s−1 sr−1 MeV−1, respectively. The
qISM(E) and qiso(E) parameters are simple normalization factors
to account for possible deviations from the two input spectral
shapes.
Depending on the latitude of the analysis region, the number
of background sources in the region varied from 7 to 27 with
an average number around 12. We used the source flux spec-
tra S j(E) from the catalogue as input spectra for the sources (in
cm−2 s−1 MeV−1). Their individual flux normalizations qS j (E)
have been let free in each energy band to compensate for po-
tential deviations between the four-year long observations of the
catalogue and our extended dataset.
4 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html
We modelled the γ-ray intensity inside the analysis region
and in a 7◦-wide peripheral band to account for photons spilling
over inside the analysis region because of the wide LAT PSF.
The contribution from the sources detected in the outer band has
been summed into a single map S ext(l, b, E) and its normalization
qS ext (E) has been left as a free parameter (Ade et al. 2015).
The model intensity I(l, b, E) has been processed through the
LAT instrument response functions (IRFs, P8R2_V6SOURCE)
to take into account the position-dependent and energy-
dependent exposure on the sky and the energy-dependent PSF.
We calculated the effective IRFs for the spectrum of each com-
ponent, taking a power-law spectrum with a photon index equal
to -2 as spectral input for the studied SLSNe. An example of a
model sky map is presented on Fig. 2 for SN2013fc.
The modelled photon map, integrated over each energy band,
can be compared to the observed data by means of a binned
maximum-likelihood estimator with Poisson statistics to fit the
model coefficients to the LAT data (Anderson et al. 2015). We
stress that the present analysis independently fits the source flux
in each energy band and that it is independent of the initially
assumed spectral shape.
Fig. 2: Source model map of SN2013fc after fit integrated over
the 600 MeV–10 GeV energy band. The red cross points to the
position of the SN2013fc. The thin red line indicates the bound-
ary between the inner map where sources are independently
fitted and the peripheral band where the contribution from all
sources is fitted as one. All other sources, included in the source
model map were previously detected with the Fermi-LAT and
their fluxes were fitted during the procedure.
To quantify the detection significance of the emission, we
used the Test Statistic, TS = 2 [ln(L) − ln(L0)], where L0 and
L are the maximum-likelihood values obtained for the null hy-
pothesis (zero flux from the SN) and when a point source at SN
position is assumed, respectively. In the first (and fairly robust)
approximation in case of a difference of 1 degree of freedom,
the significance is equal to the square root of the TS. We set a
detection threshold above a TS of 25, i.e. a 5σ significance.
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Performing multiple analysis trials with different parameters,
as we have here with several SLSNe for instance, introduces a
bias in the analysis due to the so-called look-elsewhere effect
(Choudalakis 2011). The chance that the observed significance
could have arisen at random due to the size of the parameter
space that was searched can be accounted for by applying tri-
als factor corrections to the final significance. For the individual
search study, we have to consider 45 SLSNe, seven individual
and independent energy bands, the total energy range that over-
laps the individual bands, and five overlapping time windows.
This corresponds to a number of trials Ntrials = 1800. For such
a high number of trials, a 5σ (4σ) pre-trial detection would cor-
respond to a 3.3σ (1.6σ) significance after trials correction. The
best significance, obtained for SN2012il in the three-month time
window and the 67-172 GeV band, is equal to 3.8σ, which is
decreased to 1.2σ after applying the trials factor. This correction
assumes that each dataset is statistically independent, which is
overly conservative in our case, since four of the five time win-
dows result in datasets that are subsets of each other and the to-
tal energy range overlaps the individual energy bands. Therefore
we regard the final detection significances as conservative lower
limits to the true significances of the signal over the background.
We checked the existence of a steady γ-ray source in the
direction of the selected SLSNe. Such a source could be the
host galaxy of the SN or a source along the line of sight. In case
of detection (TS> 25, significance> 5σ), a new source would
be added to the catalogued sources at the position of the SLSN.
We searched for γ-ray emission in the SLSN off-peak dataset,
i.e. either between the first available γ-ray observations (2008
August 8) and one month before the presumed date of the SN
peak time, tSN, or for three SLSNe (SN2008fz, SN2009jh, and
PTF09atu) the two last years before the end of the exploited
dataset (2015 September 10) because their peak time is less
than one year after the observations start. No significant source
was found in the SN directions in the off-peak window. The
existence of significant γ-ray emission from the host galaxy or
an aligned source would make the detection of a faint SN signal
more difficult.
Theoretical simulations of the duration of the γ-ray emission
predict γ-ray emission lasting weeks to months depending on
the SN and the central compact object characteristics (Murase
et al. 2015). Hence this prediction motivates a search in several
time windows. Individual and joint likelihood analyses were per-
formed for the following observation periods:
– from tpeak5 −1 month (referred to as tSN in the next sections)
up to tpeak + 3 months
– from tpeak − 1 month up to tpeak + 6 months
– from tpeak − 1 month up to tpeak + 1 year
– from tpeak − 1 month up to tpeak + 2 years.
Only 44, 40, and 33 SNe were studied for the six-month, two-
and one-year time windows, respectively, because the available
dataset was too short for the needed duration. On the other hand,
all sources were analysed for the three-month time windows. To
make sure no early γ-ray emission was missed, we used datasets
starting 30 days before the optical peak time to account for the
uncertainty in its determination (Cano et al. 2015; Liu et al.
2017).
5 If peak time is not known, detection time is used.
4.1.2. Joint likelihood analysis
To improve the sensitivity of the analysis to a weak γ-ray signal
from SLSNe, we combined sources in a joint likelihood anal-
ysis (Anderson et al. 2015). We studied the complete sample
and split it into two sub-groups based on redshift (and hence
also on distance). Fig. 1 summarizes the repartition of studied
SLSNe. Some sources exploded late with respect to the dataset
time limits preventing us from including these sources into the
joint likelihood analysis for the longer time bins. Only the three-
month analysis includes the complete sample. Otherwise, we
used sources from SN2008fz to DES13S2cmm, SN2008fz to
PS1-14bj, and SN2008fz to SN2015bn for the two-year, one-
year, and six-month analyses, respectively (following the order
in Table A.1).
To be independent from any spectral shape assumption we
performed the analysis in energy bands (see Section 4.1.1 for
details). We performed the combined analysis by tying together
in each energy band the flux normalization of all SLSNe in the
subsample (Ackermann et al. 2015). It results in a single free
parameter per energy band. To correctly tie the SN normaliza-
tions together, we defined a common γ-ray scaling factor; i.e.
we give more weight to sources with greater expected γ-ray flux
in the joint likelihood. Two different weighting approaches can
be envisaged in the stacking procedure, relying either on the op-
tical flux or the luminosity distance. Considering the difficulties
in concatenating a consistent set of optical magnitude values for
the whole sample, we ruled out the optical flux approach. For the
joint analysis we assumed all SLSNe to have the same intrinsic
γ-ray luminosity and thus the observed γ-ray flux of each source
scales with a factor inversely proportional to the luminosity-
distance squared. The weight of the flux normalization of each
source in each energy bin is wd = (100 Mpc/d)2.
We derived the SLSNe distances from redshift measurements
and a set of cosmological parameters from the ΛCDM model.
We used H0 = 69.6 km s−1 Mpc−1, ΩM = 0.286, and ΩΛ =
0.714 values provided in Ade et al. (2016) but other sets exist.
Hence we calculated roughly that the choice of a different set
would result in distance estimates less than 5% greater or lower
with other commonly used cosmological parameters (e.g. Ade
et al. 2014; Hinshaw et al. 2013; Nicholl et al. 2014; Benetti
et al. 2014).
For the joint likelihood analysis, only the SN normalization
is free in each energy band while the nearby source, diffuse,
and isotropic component normalizations are fixed to their values
obtained in the individual analyses of each source in the corre-
sponding energy band.
Identically to the individual searches, many trials are real-
ized for the joint likelihood analysis. We count here four time
windows, seven small energy bands and the total range, and two
redshift subpopulations and the full sample, which brings us to
Ntrials = 96. Again the correction is conservative as the redshift
subsets overlap along with the time windows and total energy
range. In this case, a 5σ, 4σ, or 3σ significance would corre-
spond to a 4σ, 2.7σ, or 1.2σ post-trial detection level, respec-
tively. With the total SLSN population, the two-year time win-
dow and in the 67-172 GeV band, a 3.8σ significance is obtained
and is decreased to 2.4σ after trials factor correction. We thus re-
port only upper limits.
4.2. Aperture photometry
We independently verified the results of the likelihood analy-
sis using the aperture photometry method for spectral extraction.
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For the aperture photometry, we extracted the source signal from
circular regions of radius 1◦ around each source listed in Table
A.1. Photons of the "Source" class were retained for the analy-
sis. For each source region the exposure was calculated using the
gtexposure tool, which accounts for the energy-dependent loss
of the source signal due to the large size of the LAT point spread
function extending beyond the 1◦ around the source position en-
ergies.
The background was estimated from source-free regions of
radius 3◦ within < 10◦ distance from the source position. This
assures that the level of the Galactic diffuse background in the
source and background estimate regions is similar. The level
of the Galactic diffuse background varies on different angular
scales. This is the main limitation of the aperture photometry
method, especially for the sources close to the Galactic Plane.
However, most of the sources considered for the stacking analy-
sis are at high Galactic latitudes where the level of variations of
the Galactic diffuse emission is more moderate and their angular
scale is typically larger than a few degrees. This justifies the use
of the aperture photometry as a cross-checking method.
The two analysis methods are complementary in the sense
that the aperture photometry provides a robust upper limit on the
luminosity, which is independent of the details of modelling of
diffuse backgrounds in the source region of interest. At the same
time, the (moderately) model-dependent likelihood analysis al-
lows us to tighten the upper limits on the luminosity of the SLSN
source sample.
5. Results
In the following section, we report the upper limits at 2σ con-
fidence on the summed luminosities, Lsum0.6−600.0 GeV and L
sum
1−10 GeV.
These are the sum of measured luminosities in the individual
energy bands located between the indicated energy boundaries.
These luminosities are named this way in contrast to the total
luminosity obtained directly by fitting the flux in the studied en-
ergy band. On the other hand, the summed luminosity is the sum
of the fluxes obtained by fitting fluxes separately in narrow en-
ergy bins covering the large energy band and summing them af-
terwards. The second method via summation allows us to reach
a better sampling of the actual source spectrum compared to the
first method through a direct fit that provides a rougher measure
of the luminosity. To compute the upper limits on the γ-ray lu-
minosity in individual energy bands from the measured photon
fluxes and their errors, we assumed, as for the input spectrum,
a E−2 power law in each energy band. We emphasize that the
derived upper limits on Lsum1−10 GeV are the most important mea-
surements to probe the theoretical predictions.
5.1. Individual analysis
We gather in TabA.2 the individual luminosities or upper limits
at 2σ confidence. No detection, after trial factor correction, are
reported over the total energy range nor in individual bands. The
only obtained small over-fluctuaction occurs in an individual en-
ergy band for SN2012il between 67 and 172 GeV at 1.2, 0.9, 0.7,
and 0.3 σ levels in the three-month to two-year time windows,
respectively. It is however insignificant. The most constraining
upper limit for an individual source was obtained for SN2013fc
with a two-year time window and is equal to 1.2 × 1042 erg s−1
(see Fig. 3).
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Fig. 3: Upper limits on the luminosity of SN2013fc from the in-
dividual analysis of the 2-year time window. Down arrows indi-
cate upper limits at 2σ confidence. The black line represents the
integrated luminosity computed from a simulated spectrum de-
rived by Murase et al. (2015) for a neutron star with P = 10 ms,
B = 1013 G at a distance d = 16.5 kpc and about 206 days after
explosion.
5.2. Joint likelihood analysis
Fig. 4: Upper limits on the luminosity of the SLSN from joint
likelihood analysis for a 2-year time window and a sample con-
taining all sources (Table 2). Down arrows indicate upper limits
at 2σ.
Tables 2 to 4 provide the upper limits on luminosity for the
stacking analysis obtained for both energy band sets. The study
was carried out with three different source samples:
– all sources
– sources with redshift z ∈ [0.0 ; 0.2]
– sources with redshift z ∈ ]0.2 ; 1.6].
Joint likelihood fits result, after trial factor correction, for ei-
ther of the redshift samples and time windows, in no detec-
tion. A 2.4σ over-fluctuation (post trials) can be reported in the
67-172 GeV individual energy band with the two-year dataset
and the complete sample. The latter includes mostly (∼ 66%)
sources that are too distant to be detectable individually and
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Table 2: Luminosities from joint likelihood analysis measurements with all sources. The first and second columns contain the upper
limits on the sum of the derived luminosities in the individual energy bands between 600 MeV and 10 GeV, and 600 MeV and
600 GeV, respectively. The third column indicates the highest post-trial significance in an individual energy band and the two last
columns report the correspond energy band boundaries.
Time window L0.6−10.2 GeV L0.6−600.0 GeV Sigbest bndE1−E2 E1 E2
[erg s−1] [erg s−1] [σ units] [GeV] [GeV]
tSN to tSN + 3 months < 6.2 × 1042 < 1.8 × 1044 1.2 171.50 600.00
tSN to tSN + 6 months < 3.1 × 1042 < 1.0 × 1044 0.9 171.50 600.00
tSN to tSN + 1 year < 1.3 × 1042 < 2.3 × 1043 0.0 67.04 171.50
tSN to tSN + 2 years < 9.1 × 1041 < 2.4 × 1043 2.4 67.04 171.50
SN off-peak period < 6.0 × 1041 < 3.8 × 1042 0.1 26.21 67.04
Table 3: Luminosities from joint likelihood analysis measurements and sources with redshift between 0.0 and 0.2. The layout of the
table is identical to Table 2.
Time window L0.6−10.2 GeV L0.6−600.0 GeV Sigbest bndE1−E2 E1 E2
[erg s−1] [erg s−1] [σ units] [GeV] [GeV]
tSN to tSN + 3 months < 7.1 × 1043 < 8.9 × 1044 0.5 67.04 171.50
tSN to tSN + 6 months < 3.2 × 1043 < 5.5 × 1044 0.3 67.04 171.50
tSN to tSN + 1 year < 1.7 × 1043 < 3.1 × 1044 0.2 67.04 171.50
tSN to tSN + 2 years < 1.1 × 1043 < 2.9 × 1044 1.0 171.50 600.00
SN off-peak period < 1.4 × 1043 < 9.8 × 1043 0.0 1.57 4.00
Table 4: Luminosities from joint likelihood analysis measurements and sources with redshift between 0.2 and 1.6. The layout of the
table is identical to Table 2.
Time window L0.6−10.2 GeV L0.6−600.0 GeV Sigbest bndE1−E2 E1 E2
[erg s−1] [erg s−1] [σ units] [GeV] [GeV]
tSN to tSN + 3 months < 4.1 × 1043 < 8.9 × 1044 0.0 171.50 600.00
tSN to tSN + 6 months < 2.3 × 1043 < 5.2 × 1044 0.0 171.50 600.00
tSN to tSN + 1 year < 1.5 × 1043 < 1.7 × 1044 0.0 1.57 4.00
tSN to tSN + 2 years < 1.1 × 1043 < 1.1 × 1044 0.9 67.04 171.50
SN off-peak period < 5.9 × 1042 < 4.7 × 1043 0.0 26.21 67.04
hence we considered this fluctuation as insignificant. Joint like-
lihood analyses on the subsample of lowest redshifts (closest
SLSNe) should be more relevant if any signal was detected. In
the absence of signal, i.e. when we are looking at an empty sky,
the tightest upper limit is provided by the joint analysis with the
largest sample and the longest dataset and is independent of the
source distances.
As expected since we do not detect anything but an over-
fluctuation, the most constraining limit on the luminosity, Lγ <
9.1 × 1041 erg s−1, is obtained for the total population of SLSNe
and the two-year time window. Figure 4 represents the luminos-
ity upper limits as a function of energy for this case. We obtained
upper limits with the subsample for z>0.2 lower than for z<0.2
and this is simply explained by the fact that the subset z>0.2 is
larger than the subpopulation with z<0.2 and both samples re-
sult in no detection and hence are basically two empty skies. We
considered both close and farthest SLSNe because we simply
took into account all the catalogued SNe. Nonetheless we had in
mind that those with redshift beyond 0.2 would be theoretically
undetectable.
The results of the aperture photometry analysis, shown in
Fig. 5 for the two-year time span, are consistent with those of
the likelihood analysis, although the upper limits on the lumi-
nosity of the stacked source sample are somewhat higher (by
' 30%) in the GeV energy band. At the same time, in the en-
ergy range above 100 GeV the aperture photometry bound is
tighter than that derived from the likelihood analysis. This is
explained by the fact that the background photon statistics in
this energy band are low and the signal is detectable in a nearly
background-free regime. Modelling of the diffuse background in
the likelihood analysis approach introduces additional parame-
ters in the analysis and, as a consequence, slightly relaxes the
bounds on the source flux and luminosity. However, modelling
the diffuse background precisely is more critical at low energy
and for sources close to the Galactic plane. Hence, modifying the
diffuse model in this analysis (E > 600 MeV and high latitudes)
would only have a tiny effect. Acero et al. (2016b) performed
a study of the systematic errors due to the choice of the diffuse
model.
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Fig. 5: Upper limits on the luminosity of the SLSN obtained
from the aperture photometry for a 2-year time window and a
sample containing all sources. Down arrows indicate upper lim-
its at 2σ.
6. Discussion
We discuss here the implication of the derived contraints on the
γ-ray luminosity received from SLSNe in the scenario of central
compact object-aided SN. In this scenario, a fast-rotating central
neutron star releases its rotational energy into the SN ejecta via
its wind (see introduction and see e.g. Kasen & Bildsten 2010;
Kotera et al. 2013). The electromagnetic energy of the pulsar is
dissipated into kinetic energy in the wind at a yet unknown lo-
cation (see e.g. Kirk et al. 2009), seeding the surrounding pulsar
wind nebula with accelerated pairs. These are expected to radi-
ate by synchrotron or IC scattering and possibly produce a γ-ray
emission. The simulations presented in Murase et al. (2015) in
this framework were used as a basis for the discussion.
From the upper limits on the γ-ray luminosity measured at
the location of SLSNe, it is possible to derive constraints on
the values of the central neutron star period P and dipole field
strength B.
The emitted γ-ray signal is produced by leptons accelerated
in the young neutron star wind nebula region, as is evidenced
for example in the Crab nebula and as is successfully modelled
in various other pulsar wind nebulae (e.g. Gelfand et al. 2009;
Fang & Zhang 2010; Bucciantini et al. 2011; Tanaka & Taka-
hara 2011). The energy channeled into γ-rays should scale as
the electromagnetic luminosity provided by the pulsar into the
wind6, Lp = Lrot/(1 + t/tp)2, where the initial pulsar luminosity
Lrot = Erot/tp ∼ 0.64 × 1045P−4−3B213R66 erg/s, over a typical spin-
down timescale tp. The pulsar rotational energy reservoir can be
written Erot = 2pi2IP−2 ∼ 2.0 × 105 f2 erg I45P−2i,−3, assuming for
simplicity a pulsar spin-down braking index7 n = 3. The spin-
down timescale is given by tp ∼ 3.1 × 107 s I45B−213R−66 P2−3. In all
the above formulae, R and I are the star radius and the moment
of inertia (see Shapiro & Teukolsky 1983), respectively.
6 In this section, numerical quantities are noted Qx ≡ Q/10x in cgs
units, unless specified otherwise.
7 Although observations indicate n ∼ 2 − 2.5, our choice of breaking
index does not impact our results, as most of the neutron star rotational
energy has been released at times tp, at which we make our measure-
ments.
Fig. 6: Expected γ-ray luminosities Lγ,1−10 GeV of SLSNe pow-
ered by neutron stars with dipole magnetic field B and rotation
period P, assuming a pair luminosity fraction ηe = 1 and an at-
tenuation factor ξ = 0.1 (see Eq. 3). Overlaid are the γ-ray lumi-
nosity limits derived in this work for selected individual SLSNe
in black lines, and for the total joint likelihood analysis sample as
a white line (Table 2), for time windows of tSN to tSN + 2 years or
tSN + 1 year for CSS140222. The white dotted line indicates the
limit derived for standard core-collapse SNe (Ackermann et al.
2015). The parameter-space above the line is allowed for a given
source or population, modulo the scaling factor ηe ξ−1, with ξ < 1
in any case. The high magnetic field end (B & 5×1013 G) should
be viewed with care as in the magnetar regime, ξ  1, implying
less stringent constraints on the parameter space.
A fraction ηe of Lp is dissipated into pairs at the pulsar wind
nebula. The level of this dissipation is currently the subject of
intense discussions in the community, and is related to the so-
called “sigma-problem” (see e.g. Kirk et al. 2009). However,
the observations of the Crab nebula and of other young nebu-
lae point to ηe ∼ 1 (e.g. Kirk et al. 2009) with a less significant
fraction of the wind energy going into the nebula magnetic field.
The pairs then radiate via synchrotron and inverse Compton (IC)
processes in the nebula region, and this emission is attenuated by
the radiation fields in the nebula and by matter further out in the
supernova ejecta.
In the 1 − 10 GeV energy range, for observation times of
months to a few years after the supernova explosion, the radi-
ation is dominated by the IC process and the obtained spectrum
follows approximately a power law of index ∼ −2 (Murase et al.
2014). The expected luminosity of a young neutron star at time
tp at energies  ∼ 1 − 10 GeV can then be written (Kotera et al.
2013; Murase et al. 2014) as
Lγ, ∼ ξηeY(1 + Y)−1 Lrot (3)
∼ 3.2 × 1044 ηe ξ−1 P−4−3B213R66 erg/s .
Here Y = tsyn/tIC is the Compton parameter, i.e. the ratio be-
tween the synchrotron and IC cooling timescales. The numerical
value is calculated assuming a Thomson regime Y = 1. This is a
safe estimate as the Klein-Nishina effect mainly cuts off the flux
at high energies but does not affect the overall normalization be-
tween 1−10 GeV. The factor ξ < 1 takes into account the spread
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Table 5: Luminosity upper limits used in Fig. 6. The second col-
umn contains the limits obtained on the sum of derived luminosi-
ties for the dataset duration indicated in the third column in the
individual energy bands between 600 MeV and 10 GeV.
Name L0.6−10.2 GeV Dataset duration
[erg s−1] yr
SN2010kd < 2.0 × 1043 2
SN2012il < 6.6 × 1043 2
PTF12dam < 3.2 × 1043 2
SN2013fc < 1.2 × 1042 2
CSS140222 < 3.1 × 1042 1
Full sample < 9.1 × 1041 2
of the IC radiation over a given energy range with the uncertain-
ties on the spectral indices at injection—which can range from
hard indices ∼ −1.5 for reconnection-type, one-shot accelera-
tion processes to softer indices . −2 for stochastic acceleration
mechanisms—and the attenuation due to radiation and matter.
Interestingly, in this energy range, for t ∼ tp and for mildly mag-
netized objects (B & 5 × 1013 G), the radiated flux is robust to
attenuation by the nebula radiation fields and matter, within a
factor of a few (Murase et al. 2015). A value of ξ = 0.1 can
thus be viewed as reasonable. However, for magnetars, the radi-
ated spectra are softer and the overall flux are lower and lead to
ξ  1.
Figure 6 shows the contours of the luminosity Lγ,1−10 GeV es-
timated in the parameter space P − B, assuming ηe = 1 and
ξ = 0.1. We overlaid the luminosity limits derived for individual
SLSNe for which we obtained the strongest constraints, and for
the total stacked sample for time windows of tSN to tSN + 2 years
or tSN + 1 year. Table 5 summarizes these upper limits. In the
contour plot, the sets of P − B above the line are allowed for a
given source or population, modulo the scaling factor ηe ξ−1. In
particular within the conservative hypotheses on ηe and ξ−1, the
central pulsar can be sub-millisecond only if B < 2 × 1012 G.
In Figs. 7 to 10 of Murase et al. (2015), two simulated cases for
P = 2 ms and P = 10 ms are presented for different magnetic
field values. The results presented in this paper rule out the case
with P = 2 ms.
The limit given by the joint likelihood analysis of all sources
in our sample (white line) places strong constraints on the rate
of the neutron star population with mild dipole magnetic fields
and millisecond rotation periods. It indicates that the rate of
objects born with millisecond-rotation periods P . 2 ms and
B ∼ 1012−13 G (where the assumption ηe ξ−1 = 1 is conserva-
tive) must be lower than the rate of the observed SLSNe (of or-
der ∼ 200 Gpc−3 yr−1 at z ∼ 0.16; Quimby et al. 2013b). The
luminosity limits obtained on individual sources are also con-
straining: in particular, SN2013fc, CSS140222, and SN2010kd
can be born with millisecond periods only for B . 1013 G. The
derived upper limit for SN2013fc, the closest source of the sam-
ple located at about 80Mpc, is only ∼30% higher than for the
joint likelihood analysis (whose reference distance is equal to
100 Mpc) for the same time window. This indicates that the com-
bined limit, obtained with the 1/d2-weighting, is dominated by
the closest source(s). A similar result was noticed in Ackermann
et al. (2015).
Ackermann et al. (2015) followed the same method of joint
likelihood analysis to search for the emission from standard
core-collapse supernovae. They discuss their results within the
framework of the model of interaction of the SN ejecta with
the circumstellar material. As in this work, weighting for the
distances, they derived upper limits on the emitted luminosity.
These authors obtain Lγ,1−10 GeV < 2.8 × 1040 erg s−1 compared
to Lγ,1−10 GeV < 9.1 × 1041 erg s−1 in our study. Their luminos-
ity constraint is roughly a factor 30 tighter than that measured in
this paper, despite a dataset that is a third shorter because they
studied a sample more than three times larger and roughly five
times closer (hence more detectable).
Our results suppose that the dipole magnetic field of the neu-
tron star is set at its highest value at birth. However some studies
(Muslimov & Page 1995; Ho 2011; Viganò & Pons 2012) pro-
pose that the fallback accretion after a supernova explosion onto
the newborn neutron star would result in the burial of the mag-
netic field into the crust and its re-emergence over a time scale of
thousands years or more (e.g. Geppert et al. 1999; Ho 2011). The
diffusion time of the magnetic field, which results in its growth,
is strongly dependent on the depth of burial, itself directly related
to the mass of accreted matter (Ho 2011; Lorenz et al. 1993).
In addition, the mass of accreted matter inversely scales with
the space velocity of the neutron star (Güneydas¸ & Eks¸i 2013).
Hence according to this model, a runaway neutron star would
be more unlikely to have a buried magnetic field. Torres-Forné
et al. (2016) showed that masses as low as 10−3 − 10−2 M are
sufficient to bury a few 1012 G magnetic field. This makes the
occurrence of such phenomena not unusual and hence must be
kept in mind when considering the pulsar-aided scenario.
7. Conclusion
We searched for the first time, through individual and stacking
analyses, for γ-ray emission from a reasonable sample of SLSNe
discovered through optical surveys. No signals were observed
above the detection threshold and we derived the first upper lim-
its on γ-ray signals from these objects. Assuming a scaling of
the γ-ray flux with 1/d2, we report an upper limit at 95% CL
to the γ-ray luminosity Lγ < 9.1 × 1041 erg s−1 for an assumed
E−2 photon spectrum, for our full SLSN sample and the two-year
time window.
Three scenarios are mainly proposed to explain the excep-
tional luminosities of SLSNe. Two of these scenarios, one rely-
ing on the interaction of the supernova ejecta with the circum-
stellar material and the other on the power supplied by a central
compact object, predict γ-ray emission in the GeV-TeV range.
Both can apply to SLSNe but also to standard core-collapse SNe.
From the LAT non-detection and the predictions from the
neutron-star powered model, one can obtain observational con-
straints on the rotation period and dipolar magnetic field strength
of the central object. Based on conservative assumptions, we find
that the rate of the neutron stars born with millisecond rotation
periods P . 2 ms and B ∼ 1012−13 G must be lower than the rate
of the observed SLSNe. The luminosity limits obtained on some
individual sources are also constraining.
We recommend reiterating this analysis in the future with a
much larger sample of SLSNe (upper limits decreasing as the
square root of the number of stacked sources), more γ-ray data
and better sensitivity. However it would be really difficult to
improve the upper limits by more than a factor 2 or 3. Another
approach would be to weight the sources differently, with
respect to the optical flux for instance as in Ackermann et al.
(2015), if one is able to consistently concatenate a catalogue of
optical flux values for a large sample of SLSNe. In any case,
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future studies of SLSNe will benefit from the upcoming optical
surveys that will provide an unprecedently complete catalogue
of detailed informations on SNe. The Zwicky Transient Facility
(ZTF; first light in 2017, Bellm 2014) and the Large Synoptic
Survey Telescope (LSST; under construction in Chile, Abell
et al. 2009) will be particularly relevant and efficient.
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Appendix A:
Table A.1: Equatorial and Galactic coordinates, redshift, and SN date in Gregorian and MJD calendars of the studied SLSNe. Date
refers either to the peak date indicated by xxp or to the discovery date indicated by xxd.
Name ra [deg] dec [deg] l [deg] b [deg] Redshift Date Date [MJD] References
SN2008fz 349.07 11.71 89.10 -44.82 0.1330 2008-Sep-22d 54731 Drake et al. (2010a)
SN2009jh 222.29 29.42 44.97 64.05 0.3490 2009-Aug-2d 55045 Drake et al. (2009b)
PTF09atu 247.60 23.64 41.73 40.80 0.5010 2009-Aug-17p 55060 Quimby et al. (2011d)
PTF09cnd 243.04 51.49 80.03 45.37 0.2580 2009-Sep-6p 55080 Chandra et al. (2009)
CSS100217 157.30 40.71 178.77 57.81 0.1470 2010-Feb-17d 55244 Drake et al. (2010b)
PS1-10pm 183.18 46.99 141.37 68.73 1.2060 2010-Feb-24d 55248 McCrum et al. (2015)
SN2010gx 171.44 -8.83 269.96 48.48 0.2300 2010-Mar-13d 55268 Pastorello et al. (2010)
PTF10heh 192.22 13.44 300.29 76.30 0.3380 2010-Apr-4d 55290.3 Quimby et al. (2010a)
PTF10hgi 249.45 6.21 22.46 32.45 0.1000 2010-May-10p 55326.4 Quimby et al. (2013a)
PTF10qa 353.93 10.78 94.56 -47.88 0.2840 2010-Jun-18d 55365 Gal-Yam (2012b)
PS1-10ky 333.41 1.24 63.24 -42.62 0.9558 2010-Jul-20p 55397 Chomiuk et al. (2011)
PS1-10ahf 353.12 -0.36 84.36 -57.20 1.1000 2010-Aug-6d 55414 McCrum et al. (2015)
SN2010hy 284.89 19.41 51.19 7.00 0.1900 2010-Sep-4d 55443 Cenko et al. (2010)
PTF10vqv 45.78 -1.54 179.50 -49.39 0.4520 2010-Sep-16d 55455.5 Quimby et al. (2010b)
SN2010kd 182.00 49.23 140.80 66.37 0.1010 2010-Nov-14d 55514 Vinko et al. (2010)
PS1-10awh 333.62 -0.07 62.04 -43.62 0.9084 2010-Nov-15p 55515 Chomiuk et al. (2011)
PS1-10bzj 52.92 -27.80 223.51 -54.61 0.6490 2011-Jan-2p 55563.7 Lunnan et al. (2013)
PS1-11ap 162.12 57.15 150.32 52.94 0.5240 2011-Feb-21p 55613 McCrum et al. (2014)
PS1-11tt 243.19 54.07 83.53 44.64 1.2830 2011-Apr-24d 55675 Lunnan et al. (2014)
SN2011ke 207.74 26.28 32.65 76.69 0.1430 2011-May-5p 55686.5 Inserra et al. (2013a)
PTF11dsf 242.89 40.30 64.01 46.97 0.3850 2011-May-12d 55693 Quimby et al. (2011a)
PS1-11afv 183.91 48.18 138.89 67.82 1.4070 2011-May-24d 55705 Lunnan et al. (2014)
SN2011kf 219.24 16.52 14.91 63.38 0.2450 2011-Dec-30p 55925.5 Inserra et al. (2013b)
PTF11rks 24.94 29.92 135.25 -31.79 0.1900 2012-Jan-6p 55932.7 Quimby et al. (2011b)
SN2012il 146.55 19.84 212.45 47.15 0.1750 2012-Jan-15p 55941.4 Drake et al. (2013a)
PTF12dam 216.19 46.23 85.12 63.46 0.1070 2012-Jun-10p 56088 Quimby et al. (2012)
LSQ12dlf 27.62 -21.81 194.54 -75.56 0.2550 2012-Jul-29p 56137.3 Smartt et al. (2012)
SSS120810 349.51 -56.16 326.50 -56.49 0.1560 2012-Aug-8p 56147 Wright et al. (2012)
CSS121015 10.68 13.47 119.69 -49.34 0.2868 2012-Oct-25p 56225.5 Tomasella et al. (2012)
iPTF13ajg 249.77 37.03 59.69 41.49 0.7403 2013-Apr-23p 56405.6 Vreeswijk et al. (2014)
SN2013dg 199.67 -7.08 314.83 55.16 0.2650 2013-May-17d 56429.7 Drake et al. (2013b)
SN2013fc 41.29 -55.74 275.20 -54.83 0.0185 2013-Aug-20d 56524 Pignata et al. (2013)
DES13S2cmm 40.64 -1.36 173.57 -52.94 0.6330 2013-Sep-24p 56559.2 Papadopoulos et al. (2013)
SN2013hx 23.89 -57.96 291.83 -58.20 0.1300 2013-Dec-31d 56657 Scalzo et al. (2014)
LSQ14an 193.45 -29.52 303.55 33.34 0.1630 2014-Jan-2d 56659 Leget et al. (2014)
iPTF13ehe 103.34 67.13 148.33 25.03 0.3434 2014-Jan-13p 56670.3 Yan et al. (2015)
LSQ14mo 155.67 -16.92 259.30 33.07 0.2530 2014-Jan-30d 56687 Leloudas et al. (2014)
CSS140222 170.15 30.47 198.00 69.86 0.0330 2014-Feb-22d 56710 Blagorodnova et al. (2014)
LSQ14bdq 150.42 -12.37 251.17 32.95 0.3450 2014-May-23p 56800 Benitez et al. (2014)
PS1-14bj 150.54 3.66 235.53 43.29 0.5215 2014-May-24p 56801.7 Lunnan et al. (2016)
DES14X2byo 35.95 -6.14 173.39 -59.63 0.8690 2014-Oct-25p 56955 Graham et al. (2014)
DES14X3taz 37.02 -4.09 172.20 -57.40 0.6080 2015-Feb-27p 57080 Smith et al. (2016)
LSQ15abl 145.12 -4.19 239.62 34.31 0.0870 2015-Mar-19d 57100 Prajs et al. (2015)
SN2015bn 173.42 0.73 264.46 57.67 0.1136 2015-Mar-21p 57102 Le Guillou et al. (2015)
ASASSN-15lh 330.56 -61.66 330.07 -45.55 0.2326 2015-Jun-5p 57178.5 Dong et al. (2016)
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Table A.2: Luminosities from measurements between tpeak and tpeak+3 months, 6 months, 1 year, and 2 years . The second and third
(4th and 5th, 6th and 7th, and 8th and 9th, respectively) columns contain the upper limits on the sum of derived luminosities for a
3-month time window (6-month, 1-year, and 2-year, respectively) in the individual energy bands between 600 MeV and 10 GeV,
and 600 MeV and 600 GeV, respectively.
Name L3 month0.6−10.2 GeV L
3 month
0.6−600.0 GeV L
6 month
0.6−10.2 GeV L
6 month
0.6−600.0 GeV L
1 year
0.6−10.2 GeV L
1 year
0.6−600.0 GeV L
2 year
0.6−10.2 GeV L
2 year
0.6−600.0 GeV
[erg s−1] [erg s−1] [erg s−1] [erg s−1] [erg s−1] [erg s−1] [erg s−1] [erg s−1]
SN2008fz < 2.8 × 1044 < 1.3 × 1045 < 1.5 × 1044 < 6.2 × 1045 < 7.6 × 1043 < 3.0 × 1045 < 5.0 × 1043 < 1.5 × 1045
SN2009jh < 1.1 × 1045 < 9.9 × 1045 < 8.1 × 1044 < 5.2 × 1045 < 5.8 × 1044 < 2.8 × 1045 < 4.4 × 1044 < 1.5 × 1045
PTF09atu < 3.3 × 1045 < 2.4 × 1046 < 2.3 × 1045 < 1.5 × 1046 < 1.7 × 1045 < 7.3 × 1045 < 1.2 × 1045 < 3.7 × 1045
PTF09cnd < 9.2 × 1044 < 4.2 × 1045 < 3.9 × 1044 < 2.3 × 1045 < 2.3 × 1044 < 1.1 × 1045 < 1.6 × 1044 < 6.0 × 1044
CSS100217 < 2.2 × 1044 < 1.8 × 1045 < 2.0 × 1044 < 9.2 × 1044 < 8.7 × 1043 < 4.5 × 1044 < 4.2 × 1043 < 2.2 × 1044
PS1-10pm < 3.0 × 1046 < 1.8 × 1047 < 1.3 × 1046 < 8.7 × 1046 < 1.3 × 1046 < 4.7 × 1046 < 5.0 × 1045 < 2.3 × 1046
SN2010gx < 9.7 × 1044 < 3.5 × 1045 < 6.5 × 1044 < 1.8 × 1045 < 5.6 × 1044 < 1.1 × 1045 < 2.8 × 1044 < 5.5 × 1044
PTF10heh < 2.8 × 1045 < 1.6 × 1046 < 1.6 × 1045 < 7.7 × 1045 < 5.7 × 1044 < 3.8 × 1045 < 5.0 × 1044 < 2.0 × 1045
PTF10hgi < 1.8 × 1044 < 6.8 × 1044 < 6.4 × 1043 < 3.2 × 1044 < 5.3 × 1043 < 1.7 × 1044 < 3.8 × 1043 < 9.3 × 1043
PTF10qaf < 1.1 × 1045 < 6.8 × 1045 < 9.1 × 1044 < 3.5 × 1045 < 5.4 × 1044 < 2.5 × 1045 < 4.0 × 1044 < 1.3 × 1045
PS1-10ky < 1.3 × 1046 < 1.3 × 1047 < 9.7 × 1045 < 6.5 × 1046 < 7.0 × 1045 < 3.2 × 1046 < 5.5 × 1045 < 1.7 × 1046
PS1-10ahf < 2.3 × 1046 < 2.6 × 1047 < 1.3 × 1046 < 1.2 × 1047 < 1.5 × 1046 < 6.6 × 1046 < 7.6 × 1045 < 3.3 × 1046
SN2010hy < 9.6 × 1044 < 2.5 × 1045 < 5.4 × 1044 < 1.3 × 1045 < 2.8 × 1044 < 6.4 × 1044 < 2.5 × 1044 < 4.1 × 1044
PTF10vqv < 3.1 × 1045 < 2.1 × 1046 < 2.0 × 1045 < 1.1 × 1046 < 1.0 × 1045 < 5.2 × 1045 < 9.3 × 1044 < 2.9 × 1045
SN2010kd < 7.7 × 1043 < 6.8 × 1044 < 5.3 × 1043 < 3.5 × 1044 < 3.5 × 1043 < 1.7 × 1044 < 2.0 × 1043 < 8.7 × 1043
PS1-10awh < 1.5 × 1046 < 1.5 × 1048 < 9.1 × 1045 < 8.0 × 1047 < 7.6 × 1045 < 4.0 × 1047 < 4.4 × 1045 < 1.7 × 1047
PS1-10bzj < 8.3 × 1045 < 4.5 × 1046 < 4.3 × 1045 < 2.3 × 1046 < 3.5 × 1045 < 1.2 × 1046 < 2.8 × 1045 < 6.8 × 1045
PS1-11ap < 4.5 × 1045 < 2.6 × 1046 < 2.2 × 1045 < 1.3 × 1046 < 1.2 × 1045 < 6.2 × 1045 < 7.4 × 1044 < 3.1 × 1045
PS1-11tt < 2.8 × 1046 < 1.7 × 1047 < 1.5 × 1046 < 8.6 × 1046 < 1.1 × 1046 < 4.3 × 1046 < 7.9 × 1045 < 2.5 × 1046
SN2011ke < 5.7 × 1044 < 3.0 × 1045 < 2.9 × 1044 < 1.4 × 1045 < 1.9 × 1044 < 7.3 × 1044 < 7.2 × 1043 < 3.5 × 1044
PTF11dsf < 1.6 × 1045 < 1.0 × 1046 < 7.8 × 1044 < 5.2 × 1045 < 7.6 × 1044 < 2.7 × 1045 < 5.5 × 1044 < 1.4 × 1045
PS1-11afv < 5.1 × 1046 < 3.4 × 1047 < 3.2 × 1046 < 1.8 × 1047 < 2.2 × 1046 < 9.1 × 1046 < 9.5 × 1045 < 4.4 × 1046
SN2011kf < 5.7 × 1044 < 5.3 × 1045 < 3.9 × 1044 < 2.7 × 1045 < 2.5 × 1044 < 1.4 × 1045 < 1.8 × 1044 < 7.2 × 1044
PTF11rks < 3.4 × 1044 < 2.5 × 1045 < 2.5 × 1044 < 1.2 × 1045 < 1.7 × 1044 < 8.0 × 1044 < 1.0 × 1044 < 3.2 × 1044
SN2012il < 2.3 × 1044 < 5.8 × 1045 < 1.8 × 1044 < 2.7 × 1045 < 1.0 × 1044 < 1.2 × 1045 < 6.6 × 1043 < 5.9 × 1044
PTF12dam < 6.4 × 1043 < 7.0 × 1044 < 4.6 × 1043 < 3.6 × 1044 < 3.8 × 1043 < 1.8 × 1044 < 3.2 × 1043 < 9.8 × 1043
LSQ12dlf < 5.5 × 1044 < 9.1 × 1045 < 3.6 × 1044 < 4.8 × 1045 < 2.8 × 1044 < 2.5 × 1045 < 1.4 × 1044 < 2.8 × 1045
SSS120810 < 1.7 × 1044 < 1.6 × 1045 < 1.2 × 1044 < 8.1 × 1044 < 7.9 × 1043 < 4.2 × 1044 < 7.5 × 1043 < 3.1 × 1045
CSS121015 < 1.4 × 1045 < 6.2 × 1045 < 8.8 × 1044 < 3.2 × 1045 < 4.4 × 1044 < 2.3 × 1045 < 3.0 × 1044 < 1.2 × 1045
iPTF13ajg < 1.0 × 1046 < 5.1 × 1046 < 7.4 × 1045 < 3.0 × 1046 < 4.4 × 1045 < 1.4 × 1046 < 3.1 × 1045 < 7.5 × 1045
SN2013dg < 7.1 × 1044 < 4.7 × 1045 < 5.6 × 1044 < 2.6 × 1045 < 3.9 × 1044 < 1.2 × 1045 < 2.7 × 1044 < 6.2 × 1044
SN2013fc < 3.0 × 1042 < 1.7 × 1043 < 1.9 × 1042 < 8.6 × 1042 < 1.5 × 1042 < 4.9 × 1042 < 1.2 × 1042 < 2.7 × 1042
DES13S2cmm < 1.1 × 1046 < 6.1 × 1046 < 5.7 × 1045 < 3.2 × 1046 < 2.7 × 1045 < 1.5 × 1046 < 2.2 × 1045 < 8.0 × 1045
SN2013hx < 2.0 × 1044 < 1.3 × 1045 < 8.7 × 1043 < 6.5 × 1044 < 7.4 × 1043 < 4.4 × 1044 - -
LSQ14an < 4.3 × 1044 < 1.3 × 1045 < 3.5 × 1044 < 7.3 × 1044 < 2.0 × 1044 < 6.8 × 1044 - -
iPTF13ehe < 1.5 × 1045 < 5.5 × 1045 < 7.7 × 1044 < 2.7 × 1045 < 4.8 × 1044 < 1.4 × 1045 - -
LSQ14mo < 8.2 × 1044 < 8.6 × 1045 < 5.6 × 1044 < 3.2 × 1045 < 3.9 × 1044 < 1.8 × 1045 - -
CSS140222 < 9.5 × 1042 < 8.0 × 1043 < 5.9 × 1042 < 4.1 × 1043 < 3.1 × 1042 < 2.0 × 1043 - -
LSQ14bdq < 2.1 × 1045 < 1.8 × 1046 < 1.5 × 1045 < 9.0 × 1045 < 9.7 × 1044 < 2.8 × 1045 - -
PS1-14bj < 2.8 × 1045 < 2.4 × 1046 < 3.8 × 1045 < 1.4 × 1046 < 2.1 × 1045 < 6.9 × 1045 - -
DES14X2byo < 1.4 × 1046 < 1.4 × 1047 < 8.9 × 1045 < 6.3 × 1046 - - - -
DES14X3taz < 5.7 × 1045 < 3.6 × 1046 < 3.9 × 1045 < 1.8 × 1046 - - - -
LSQ15abl < 6.7 × 1043 < 6.6 × 1044 < 6.1 × 1043 < 3.2 × 1044 - - - -
SN2015bn < 2.4 × 1044 < 2.0 × 1045 < 1.3 × 1044 < 4.6 × 1044 - - - -
ASASSN-15lh < 5.0 × 1044 < 3.5 × 1045 - - - - - -
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